1. Introduction {#sec1-brainsci-10-00081}
===============

The positive effects of physical activity (movements carried out by the muscles that require energy) and exercise (planned, structured and intentional movement) \[[@B1-brainsci-10-00081]\] on brain function and its metabolism are well known. There is extensive research showing that regular physical activity and exercise can improve cardiorespiratory function and body composition while lowering the risk of chronic disease and mortality \[[@B2-brainsci-10-00081],[@B3-brainsci-10-00081]\]. It is also well documented that age-related cognitive decline is heterogeneous and several factors modulate the impact of aging on cognition \[[@B4-brainsci-10-00081]\]. Exercise intervention studies have supported this and demonstrated that low-intensity aerobic training significantly improves cognitive functions \[[@B5-brainsci-10-00081]\]. Interestingly, most studies have documented larger positive impacts of exercise in tasks that involve the prefrontal cortex of the brain \[[@B6-brainsci-10-00081]\]. This brain region is involved in many cognitive processes including attention, decision-making, executive function, and working memory \[[@B5-brainsci-10-00081]\]. The relationship between aerobic fitness level and attentional control has also been confirmed in a very well-cited meta-analysis of cognitive improvement through aerobic training \[[@B7-brainsci-10-00081]\]. Although many aspects of cognitive performance improved significantly after an aerobic training regimen that enhanced cardiorespiratory function, the largest improvement was observed in tasks that implied heavily on executive functions.

The mechanisms related to the beneficial effect of aerobic fitness on brain regions involved with cognitive function are now clearer. Recent findings suggest that an improvement of cardiorespiratory fitness (i.e., $\overset{˙}{V}O_{2}$ max) can induce changes to cellular and molecular pathways that likely initiate changes to the macroscopic properties of the brain and behavior, which in turn can influence cognitive functions in the prefrontal cortex of the brain \[[@B8-brainsci-10-00081]\].

Evidence from animal studies also suggests that increasing physical activity can enhance synaptogenesis (i.e., formation of new neuronal synapses), and neurogenesis (i.e., generation of new neurons) via increased production of brain-derived neurotrophic factor, in addition to vascular plasticity \[[@B9-brainsci-10-00081],[@B10-brainsci-10-00081]\]. Hypotheses proposed to account for the relationship between aerobic fitness and cognition include corresponding increases in vascularization of brain tissue \[[@B11-brainsci-10-00081]\]. Several authors reported that fitter subjects displayed better cerebral oxygenation during cognitive tasks, which was associated with better vascularization \[[@B12-brainsci-10-00081],[@B13-brainsci-10-00081]\].

There is a paucity of information available to determine what type of aerobic exercise training program is most optimal for improving cognitive functions. Several models suggest that replacing aerobic exercise training performed at moderate-intensity (i.e., moderate-intensity continuous exercise (MICE)) with high-intensity intermittent training (HIIT) may be considerably more effective at improving cardiovascular \[[@B14-brainsci-10-00081],[@B15-brainsci-10-00081]\] and cognitive health \[[@B16-brainsci-10-00081]\]. Although first described in the 1950s as a mode of cardiac rehabilitation by the German cardiologist Hans Reindell \[[@B17-brainsci-10-00081]\], HIIT has largely been used by elite athletes for aerobic training purposes \[[@B18-brainsci-10-00081],[@B19-brainsci-10-00081],[@B20-brainsci-10-00081]\]. HIIT consists of alternating periods of intensive aerobic exercise with periods of recovery. It is well established that HIIT training induces a greater increase in cardiac output and stroke volume than MICE training \[[@B21-brainsci-10-00081],[@B22-brainsci-10-00081],[@B23-brainsci-10-00081],[@B24-brainsci-10-00081],[@B25-brainsci-10-00081]\]. Most importantly, two recent studies demonstrated that HIIT training is both safe and well-tolerated, without evidence of myocardial damage, significant arrhythmias or left ventricular dysfunction \[[@B26-brainsci-10-00081],[@B27-brainsci-10-00081]\].

Based on previous evidence in which HIIT appeared to be an efficient training method for improving cardiovascular health, a growing research interest concerning the link between intensity training and cognitive function has appeared. A relationship between exercise intensity training and cognitive function seems to be emerging. Using a questionnaire of physical activity level, Van Gelder et al. \[[@B28-brainsci-10-00081]\] reported that older adults who exercised at the lowest intensity were more likely to develop dementia 10 years later compared with those who exercised at higher intensity. In this line, Angeraven et al. \[[@B29-brainsci-10-00081]\], using the same methodology as a previous report, found that the average intensity of weekly physical activities of middle aged and older adults was positively associated with cognitive performance. More recently, using actigraphy, Brown et al. \[[@B30-brainsci-10-00081]\] indicated that intensity rather than quantity of physical activity might be more important in the association between physical activity and cognitive function. Although these results are encouraging, there is no clear evidence that HIIT has a superior effect on cognitive function compared to MICE \[[@B16-brainsci-10-00081]\]. Recently, original studies have provided more responses with null \[[@B31-brainsci-10-00081],[@B32-brainsci-10-00081]\] or positive results \[[@B33-brainsci-10-00081],[@B34-brainsci-10-00081],[@B35-brainsci-10-00081],[@B36-brainsci-10-00081],[@B37-brainsci-10-00081]\] in animal and human studies. Among the studies that achieved positive results, they only compared HIIT to active controls, and as such, the effects of exercise intensity per se were not examined. Only Kovacevic et al. \[[@B34-brainsci-10-00081]\] found that HIIT had a greater impact on cognitive function than MICE in older adults. In younger adults, the evidence that HIIT is the optimal strategy to improve cognitive performance is unclear and the only data available is contradictory.

The aim of this study was to compare a HIIT and MICE program on cognition in young adults and test the hypothesis that HIIT may be a better strategy to improve cognitive function. Based on the evidence that HIIT has a superior impact on cardiorespiratory health, we put forward the hypothesis that cognition was most affected by this form of exercise and executive function was most sensible to this program.

2. Methods {#sec2-brainsci-10-00081}
==========

2.1. Participants {#sec2dot1-brainsci-10-00081}
-----------------

In this study, 25 young adults (18 females and 7 males) gave their written informed consent to participate in the study. Their parameters (mean ± SD) were: age (32 ± 8 years), height (1.69 ± 0.02 m), body mass (76 ± 17 kg), body mass index (BMI) (27 ± 6 kg m^−2^), peak power output (195 ± 44 W) and $\overset{˙}{V}O_{2}$ peak (37 ± 8 mL min^−1^ kg^−1^). All participants were healthy and had normal-to-corrected vision. None of the participants had a history of neurological or psychiatric disorder, color blindness, surgery with general anesthesia in the past 6 months, involuntary tremors, epilepsy or drug/alcohol problems. The protocol was reviewed and approved by the Institutional Research Ethics Board in the Health Sciences of Acadia University (REB 15-09) and was conducted in accordance with the Declaration of Helsinki.

2.2. Experimental Design {#sec2dot2-brainsci-10-00081}
------------------------

On the first and last visit, participants underwent a complete physical and cognitive evaluation that included measurement of height, weight, cognitive functions, and a maximal continuous graded exercise test. In order to minimize known confounding influences during exercise testing, participants were asked to refrain from consuming caffeine or smoking within 2 h and drinking alcohol within 6 h of any testing, consistent with the exercise testing guidelines from the Canadian Society of Exercise Physiology (CSEP). Participants were also asked to refrain from heavy exercise 24 h prior to any testing. During the six subsequent weeks, participants were randomly assigned to one of the two experimental protocols: MICE (*n* = 13) or HIIT (*n* = 12) on a stationary bicycle. We used a stratified randomization procedure to ensure that both groups were balanced at baseline for gender and fitness levels. All trainings were under the supervision of an exercise physiologist. Cycling position, which is known to affect energy expenditure, was standardized by adopting a top bar position. Saddle height was adjusted according to the participant's inseam leg length.

2.3. Maximal Continuous Graded Exercise Test {#sec2dot3-brainsci-10-00081}
--------------------------------------------

This test was performed on cycle ergometer (Lode B.V., Groningen, Netherlands). Initial workload was set at 1 W/kg body mass, for example 75 W for an individual with a weight of 75 kg. The workload was increased by 15 W every minute until voluntary exhaustion. Strong verbal encouragement was given throughout the test. The power of the last completed stage was considered as the peak power output (PPO, measured in W). Oxygen uptake ($\overset{˙}{V}O_{2}$ max, in ml min^−1^ kg^−1^) was determined continuously on a 30 s basis using an automated cardiopulmonary exercise system (Parvo Medics TrueOne 2400, UT, USA). Gas analyzers were calibrated before each test using a gas mixture of known concentration (15% O~2~ and 5% CO~2~). The turbine was calibrated before each test using a 3-L syringe at several flow rates. The highest $\overset{˙}{V}O_{2}$ max over a 30 s period during the test was considered as the peak oxygen uptake ($\overset{˙}{V}O_{2}$ peak, in ml min^−1^ kg^−1^).

2.4. Cognitive Testing {#sec2dot4-brainsci-10-00081}
----------------------

### 2.4.1. Computerized Modified Stroop Task {#sec2dot4dot1-brainsci-10-00081}

The computerized modified Stroop task was based on the modified Stroop color test \[[@B2-brainsci-10-00081]\]. This test includes four conditions. In the first condition (Congruent), the participant had to read 1 of 4 possible words appearing on the screen; "RED", "BLUE", "YELLOW" or "GREEN". These words were written in the same colour as their meaning. The answers were mapped to the letters "u", "i", "o" and "p" on a keyboard, which participants used to give their answers with the right hand. The mapping remained the same throughout the task. The order was "index finger---red", "middle finger---green", "ring finger---blue", and "little finger---yellow". The second block consisted in a Denomination condition, where participants had to identify the colour of unrelated words, which were "BUT", "FOR", "WHEN", and "THAN". The third block consisted in a classic Interference task, which requires naming the colour of a colour-word, the meaning of the word being incongruent with the colour itself (e.g., the word BLUE written in green). In these first three blocks, a fixation cross appeared for 500 ms, followed by the word for 3000 ms. The fourth block consisted in a Switching task, which was identical to the Interference task, except that for 25% of the trials a square appeared instead of the fixation cross, and participants were asked to read the colour-word, instead of naming its colour. The reading trials appeared randomly throughout the block. Each of the four blocks contained 60 trials and the screen was blank between the trials. Before each condition, participants completed practice trials; 12 for the Congruent condition, 5 for the Denomination condition, 12 for the Interference condition, and 20 for the Switching condition. During practice and experimental trials a visual feedback ("Error") was given for incorrect responses only. Reaction times and errors were recorded.

### 2.4.2. Trail Making Test {#sec2dot4dot2-brainsci-10-00081}

All participants completed the trail making test part A prior to completing the trail making test part B. The trail making test part A (Trail A) was used to measure an individuals' processing speed. Participants were encouraged to correct their errors and this was included in the total time to complete. The speed at which all the numbers were connected was measured in seconds (s). Part B (Trail B) was used to measure cognitive flexibility or switching ability. In this portion of the test, participants were given the same instructions as Part A but had to alternate between numbers in ascending order and letters in alphabetical order (1-A-2-B-3-C, etc.). The time to complete Part B was also measured in seconds. Prior to the standard administration of this test, participants were given a short practice of each test \[[@B38-brainsci-10-00081]\].

2.5. Training {#sec2dot5-brainsci-10-00081}
-------------

For both training protocols, all sessions were supervised and were conducted 3 days per week (Mondays, Wednesdays and Fridays) for 6-weeks. Eighty percent of the 18 sessions had to be completed to be eligible for post-testing. Training intensities for both groups were determined by percentages of their PPO found during the $\overset{˙}{V}O_{2}$ max test. Resistance was adjusted to maintain a cycling cadence between 50 and 70 revolutions per minute (rpm). For a more precise load monitoring and exercise prescription, we decided to use an external load measurement of intensity (%PPO) instead of an internal load measurement of intensity (% maximal heart rate). Training methodology was based on a recent paper from O'Brien et al. \[[@B39-brainsci-10-00081]\].

2.6. Moderate-Intensity Continuous Exercise {#sec2dot6-brainsci-10-00081}
-------------------------------------------

The MICE protocol was based on the recommendations of the Canadian Society of Exercise Physiology (CSEP), suggesting that individuals should accumulate at least 150 min of moderate to vigorous physical activity per week. We opted for continuous cycling at 60% PPO for 34 min. Duration was adjusted to match the total calorie expenditure of the HIIT (MICE = 122 kJ vs. HIIT = 120 kJ, for an individual with a PPO of 100 W). To adjust for predicted fitness improvements, the time was increased to 39 min for the remaining four weeks, and during the last two weeks, the intensity was increased by 15 Watts. The participants tapered in the last two training sessions by cycling at the same intensity (initial PPO + 15 Watts) for 30 min. We chose to include the warm up and recovery in the exercise session. The warm-up and cool-down involved 5 min of cycling at 25% PPO.

2.7. High-Intensity Intermittent Training {#sec2dot7-brainsci-10-00081}
-----------------------------------------

The HIIT session was based on previous studies that compared the time to exhaustion, participant preference, and time spent near $\overset{˙}{V}O_{2}$ max of various interval protocols \[[@B40-brainsci-10-00081]\]. The group performed 15 s intervals at 100% PPO with 15 s of passive recovery between. The intervals were done for two sets of 20 min (40 min total), with five minutes of passive recovery in between. This was performed for the first two weeks and then increased to a total of 45 min for the remaining four weeks. During the last two weeks, the intensity was increased by 15 Watts. The last two training sessions (tapering sessions) were performed at the same intensity for a total of 35 min. The warm up and recovery were equivalent to the MICE protocol of 5 min each at 25% PPO. Training procedures for both the MICE and HIIT are presented in [Figure 1](#brainsci-10-00081-f001){ref-type="fig"}.

3. Statistical Analysis {#sec3-brainsci-10-00081}
=======================

Standard statistical methods were used for the calculation of means and standard deviations. Normal Gaussian distribution of the data was verified by the Shapiro--Wilk test and homoscedascticity by a modified Levene Test. The compound symmetry, or sphericity, was checked by the Mauchley test. When the assumption of sphericity was not met, the significance of F-ratios was adjusted according to the Greenhouse--Geisser procedure when the epsilon correction factor was \<0.75, or according to the Huyn--Feld procedure when the epsilon correction factor was \>0.75. On each physiological measure, an analysis of variance (ANOVA; time × training group) was conducted. For the trail making test, a 2 × 2 ANOVA was conducted to examine (time × training group). For the Stroop test, a 2 × 2 ANOVA was conducted to test (time × training group). All post-hoc tests were Bonferroni corrected for multiple comparisons. The magnitude of the difference between fitness levels was assessed by the Hedges' g (g), as presented elsewhere \[[@B41-brainsci-10-00081]\]. The magnitude of the difference was considered either small (0.2 \< ES \< 0.5), moderate (0.5 \< ES \< 0.8), or large (ES \> 0.8). The significance level was set at *p* \< 0.05 for all analyses.

4. Results {#sec4-brainsci-10-00081}
==========

4.1. Maximal Continuous Graded Exercise Test {#sec4dot1-brainsci-10-00081}
--------------------------------------------

At baseline, there was no significant difference in maximal aerobic power or anthropometrics measured between both groups ([Table 1](#brainsci-10-00081-t001){ref-type="table"}). After the 6 week training protocol, $\overset{˙}{V}O_{2}$ max increased significantly for both the MICE group and the HIIT group (main effect of time F(1,22) = 15.9). The MICE group saw a maximal aerobic power increase from 180 ± 41 to 213 ± 43 W (*p* \< 0.05) and the HIIT group also saw an increase from 207 ± 44 to 217 ± 42 W (*p* \< 0.05).

4.2. Cognitive Test {#sec4dot2-brainsci-10-00081}
-------------------

### 4.2.1. Stroop Task {#sec4dot2dot1-brainsci-10-00081}

Concerning the reaction time, the analysis revealed that there was a significant effect of the Stroop Condition (F(1,22) = 61.87; *p* \< 0.05), with a longer reaction time (RT) in the more Executive compared to Non-Executive conditions (Stroop 1 \< 2 \< 3 \< 4). In addition, we found that time (F(1,22) = 4.46; *p* \< 0.05) and reaction time were shorter after training than before training. Further analysis (pairwise comparisons) also revealed lower RT in the switching task (executive task), which was selectively associated with only HIIT training (*p* \< 0.05). Results for RT as a function of group training are presented in [Table 2](#brainsci-10-00081-t002){ref-type="table"}. Concerning accuracy, the ANOVA revealed a main effect of Task (F(3,20) = 8.83; *p* \< 0.01) (Stroop 1, 2, 3, are different from 4). No statistical significance was observed between the training protocols.

### 4.2.2. Trail Making Test {#sec4dot2dot2-brainsci-10-00081}

The ANOVA revealed a significant effect of task (F(1,46) = 89.5; *p* \< 0.01 (Trail A \< Trail B)) and time (F(1,46) = 16.06; *p* \< 0.01 (Pre \> Post)). In addition, the analysis revealed an interaction of Task x time (F(1,46) = 7.83; *p* \< 0.001). The post-hoc revealed that the performance in Trail A did not change before and after training, whereas the performance in Trail B was improved after training. Interestingly, the ANOVA revealed an interaction of Task × time × Group (F(1,46) = 4.5; *p* \< 0.05). A quicker time for completion of the Trail B test was also selectively associated with only the HIIT training (*p* \< 0.01). Results for the trail A and B time as a function of group training are presented in [Table 2](#brainsci-10-00081-t002){ref-type="table"}.

The magnitude of the training effect (Hedes's g) for Stroop and Trail are presented in [Figure 2](#brainsci-10-00081-f002){ref-type="fig"}.

5. Discussion {#sec5-brainsci-10-00081}
=============

The aim of this study was to evaluate the impact of HIIT training compared to continuous training on cognitive performance. The results confirm that selectively executive functions are sensitive to HIIT training. Only subjects from the HIIT group enhanced their flexibility performance as measured by the Stroop task and Trail B.

Our first hypothesis that HIIT training would significantly increase $\overset{˙}{V}O_{2}$ max was not supported. These findings are in contrast to those by Helgerud et al. \[[@B25-brainsci-10-00081]\] who found that there was a significantly greater increase in $\overset{˙}{V}O_{2}$ max in HIIT groups compared to MICE groups, where one group used a protocol of 15 s work and 15 s rest, which is similar to the one used in this study. Similarly, a significant increase in $\overset{˙}{V}O_{2}$ max in the HIIT group compared to the MICE group was found after 10 weeks of aerobic exercise training (*p* \< 0.05) \[[@B42-brainsci-10-00081]\]. Our results are in line with those found by Daussin et al. \[[@B24-brainsci-10-00081]\] and Kemmler et al. \[[@B43-brainsci-10-00081]\], who found a significant increase in $\overset{˙}{V}O_{2}$ max for both HIIT and MICE training, but no significant difference between the groups' respective increases. Both studies still showed a greater increase in aerobic fitness in the HIIT group compared to the MICE group. However, two recent meta-analyses \[[@B44-brainsci-10-00081],[@B45-brainsci-10-00081]\] confirmed that the superiority of HIIT on $\overset{˙}{V}O_{2}$ max is not consistent in young populations and our results are in line with these two recent reports.

Increases in performance on the trail test B were found in the HIIT group and are likely to result from the executive portion of the Stroop task, which also showed an increase in executive function in the HIIT group compared to the MICE group. These findings support our second hypothesis that greater improvements in executive functioning will result from HIIT compared to MICE. The results of our study confirm certain results from the literature in children \[[@B35-brainsci-10-00081]\], adolescents \[[@B33-brainsci-10-00081]\], young adults \[[@B37-brainsci-10-00081]\], or the elderly who are healthy \[[@B34-brainsci-10-00081]\] or have had a stroke \[[@B36-brainsci-10-00081]\]. In addition, our results on the trail making task are consistent with those reported by Pallesen et al. who reported an effect of intermittent high intensity training only on the Trail B and not on the Trail A \[[@B36-brainsci-10-00081]\]. In addition, our results on the Stroop 4 (Flexibilty) are consistent with those reported by Jeaon et al. \[[@B33-brainsci-10-00081]\] in adolescents. However, all of these studies did not compare high intensity training with moderate intensity training and often used an active control group. It is therefore difficult to conclude what the effect of intensity was. Our study is the only one that has confirmed the superior effect of HIIT training on executive function in young adults. Because this is the first study known to the researcher that examines the effect that exercise protocol may have on executive function in young adults, it can only be speculated as to the mechanisms that underlie this relationship.

It was previously believed that there was a direct correlation between a high aerobic fitness level and increased levels of executive functioning. Many studies have been able to demonstrate, using aerobic training interventions, that an increase in $\overset{˙}{V}O_{2}$ max will elicit improvements in executive functioning. Kramer et al. \[[@B6-brainsci-10-00081]\] tested 124 sedentary adults and randomly divided them into aerobic or control groups that trained for 6 months. They found that there was a significant improvement in executive functioning tasks that were correlated with significant improvements in aerobic fitness (5.1% aerobic fitness increase) in the aerobic group only. They concluded that the improvements they found in executive functioning were due to increases in aerobic fitness. Similarly, Colcombe et al. \[[@B46-brainsci-10-00081]\] were able to show increases in executive functioning in an aerobic training group that had also improved $\overset{˙}{V}O_{2}$ max by 10.2% over the course of a 6-month training period.

In line with the current study, Smiley-Oyen et al. \[[@B47-brainsci-10-00081]\] randomly assigned participants to either a moderate-intensity aerobic training group or a toning/control group for 10 months. Aerobic and cognitive tests were performed before and after the 10-month training period with significant improvements in executive function tests found in the aerobic group but not the control group. There was also no significant difference found between $\overset{˙}{V}O_{2}$ peak between the two groups at the beginning or the cessation of the training period. The results were similar to those found in this study, in that while there was a significant increase in executive function performance, there was no significant increase between intervention groups. Another study was also able to question the link between aerobic fitness interventions and increased cognitive functions. Madden and colleagues \[[@B48-brainsci-10-00081]\] were able to show the opposite effect, after randomly placing older adults into either an aerobic training group, yoga group, or non-intervention group. The participants trained for 32 weeks, with the aerobic group training three times per week for 45 min at a moderate intensity of 70% heart rate reserve (HRR). Participants' aerobic fitness and cognition were tested, resulting in a significant (*p* \< 0.01) increase in $\overset{˙}{V}O_{2}$ max in the aerobic group but not the yoga or non-intervention group. While there was a significant increase found in aerobic fitness, there was no significant interaction found between exercise and cognitive function. In addition, a meta-analysis of 37 studies conducted by Eitner et al. \[[@B49-brainsci-10-00081]\] did not show evidence to support the relationship between cognition and fitness levels. After analyzing correlational studies, they found that aerobic fitness only accounted for 8% of the cognitive variance. These studies offer further evidence to suggest that there might be more to the relationship between aerobic exercise and cognition than just statistically significant improvements in $\overset{˙}{V}O_{2}$ max.

There are two main mechanisms discussed in the literature that may help explain the findings of this study. The first is that exercise may increase the levels of brain-derived neurotrophic factor (BDNF), which could in turn improve cognition. BDNF is a growth factor that encourages neural plasticity and synaptic growth and transmission, and has been shown to enhance cognition due to its up-regulation and role in angiogenesis \[[@B9-brainsci-10-00081],[@B10-brainsci-10-00081],[@B50-brainsci-10-00081]\]. The role of BDNF may be multi-layered, with other enzyme and hormone interactions playing a role on BDNF levels including estrogen, corticosterone, and insulin growth factor-1 (IGF-1) \[[@B9-brainsci-10-00081]\]. Even though there are many interactions taking place, exercise has been shown to be the catalyst in BDNF affecting the brain \[[@B9-brainsci-10-00081]\]. Indeed, acute exercise is recognized to promote the release of serum BNDF \[[@B51-brainsci-10-00081]\] and this release seems to be dependent on exercise intensity \[[@B52-brainsci-10-00081],[@B53-brainsci-10-00081]\]. For example, Winter and colleagues \[[@B54-brainsci-10-00081]\] tested the effect of acute exercise on BDNF serum levels and learning using both HIIT, MICE, and rest interventions. It was found that in the HIIT group, there was an increased level of learning success and this success was related to increased BDNF serum levels (r = 0.38; *p* = 0.05). Exercise also increased BDNF levels in serum or plasma, and HIIT seemed a good alternative to MICE as it produced higher levels of BDNF release \[[@B54-brainsci-10-00081],[@B55-brainsci-10-00081],[@B56-brainsci-10-00081],[@B57-brainsci-10-00081]\]. Because levels remained highest after intense training cessation and also improved cognitive function, it is thought that BDNF may be increasingly elicited by HIIT as opposed to MICE. In contrast, a study by Lou et al. \[[@B58-brainsci-10-00081]\] on rats showed an intensity-dependent relationship in which mRNA BDNF levels were significantly lower after 4 weeks of high-intensity running compared to low-intensity running (*p* \< 0.01). As there is limited research on humans regarding the effect of intensity on BDNF, we are unable to draw a conclusion based on the literature and this study's results. In saying this, there is evidence suggesting that BDNF plays a key role in cognition, and that BDNF may increase with aerobic exercise training as the chronic production of BDNF seems to mediate improvements in executive function in a long-term intervention \[[@B59-brainsci-10-00081]\].

The second mechanism is in regards to increases in cerebral blood flow. Precise mechanisms of the interaction between brain function and exercise are not clearly understood, but cerebral blood flow (CBF) and arterial regulation are thought to play a major role \[[@B60-brainsci-10-00081]\]. The cardiovascular hypothesis states that an improvement in cardiovascular function (cardiac output, oxygen transport and metabolism) can lead to improved neurotransmitter function and brain health \[[@B61-brainsci-10-00081]\]. Based on the cardiovascular hypothesis, a higher cardiac output typically results in higher cerebral blood flow, implying that the greater cardiovascular adaptation from HIIT should also positively influence cognitive performance. The CBF model is somewhat based on the cardiovascular hypothesis, in that increasing the ability of the heart to pump blood to the body and the brain will thus increase the amount of blood that is being transported to the cerebrum. It has been repeatedly shown that increases in CBF are related to increased cognitive performance and that, as humans age, there is a decline in CBF that is congruent with declines in cognitive function \[[@B54-brainsci-10-00081]\]. In a study of 17- to 79-year-old men, Ainslie et al. \[[@B60-brainsci-10-00081]\] showed a 17% higher level of CBF in endurance-trained men compared to asymptomatic sedentary men. Recently, Robinson et al. \[[@B62-brainsci-10-00081]\] found that the cerebral metabolism was improved only in participants who completed a HIIT training program. These results could explain our cognitive results but further research is needed regarding the relationship between exercise intensity, cerebral metabolism, and cognition.

Limitations
-----------

While there were statistically significant results found in the study, there are still some limitations to consider. The training period length was short, and could have resulted in the lack of significant findings regarding $\overset{˙}{V}O_{2}$ max changes. Even though there was an attendance limit of 80%, some participants missed consecutive training sessions, which could have impacted their performance while experiencing detraining effects. In order to control for known physiological influences in exercise (i.e., blood pressure, heart rate, fatigue, hormones, etc.), we attempted to have each participant complete their training sessions early in the morning. Due to prior commitments from the participants, it was difficult for all the participants to complete every session at the same time of day. We also did not keep a record of other activities that the participants were taking part in, such as pre training exercise levels, other workouts or "brain-training" games that could have altered the physical or cognitive results. On other hand, the small sample size could be a limit and these results need to be confirmed by future research. In addition, the authors acknowledged that the cognitive performance in this study was assessed only with the Stroop and trail test and that it is difficult to generalize our findings to cognition in general. A major limitation evident in the study is the lack of measurement regarding potential mechanisms mediating the relationship between exercise protocol and cognition. It would have been beneficial to provide measurements of some of the possible mechanisms, but the positive results of the study imply that a future area of research lies in determining the mechanisms by which exercise influences executive functioning.

6. Conclusions {#sec6-brainsci-10-00081}
==============

This study adds to research in favor of HIIT over MICE as a more effective way to improve performance of executive function. To our knowledge, this is the first study to investigate the different protocols of aerobic exercise training on executive function in young adults. These findings may be important in the development of programs that are efficient and effective at combating age-related cognitive decline and increasing levels of cognitive functioning in adults. Considering that HIIT is a safe way to improve fitness in older adults and those with chronic disease, further research is warranted.
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![Schematic illustration of our two training modalities. Each training session was preceded by a 5-min standardized warm-up followed by a 5 min passive recovery. HIIT training (**A**) was 15 s at 100% of PPO and 15 s passive recovery (2 × 20-min). MICE training (**B**) was a 34-min exercise at 60% of PPO. Note: *PPO*, peak power output; *HIIT*, high intensity interval training; *MICE*, moderate intensity continuous exercise.](brainsci-10-00081-g001){#brainsci-10-00081-f001}

![The magnitude of the training effect on cognitive performance for the Trail task and the Stroop task. An increase in effect size corresponds to a decrease in reaction, which means an improvement in cognitive performance.](brainsci-10-00081-g002){#brainsci-10-00081-f002}

brainsci-10-00081-t001_Table 1

###### 

Pre- and post-training participant data values for anthropometric and aerobic exercise measures.

                                          HIIT          MICE                           
  --------------------------------------- ------------- ---------------- ------------- ----------------
  Age                                     29 ± 10.3     35 ± 7.4                       
  Height (m)                              1.7 ± 0.1     1.7 ± 0.1                      
  Gender                                  9 F, 3 M      9 F, 4 M                       
  Weight (kg)                             71.3 ± 13.0   70.8 ± 13.4      81.3 ± 13.0   82.4 ± 23.1
  BMI                                     24.6 ± 5.0    24.4 ± 5.1       28.8 ± 8.0    29.2 ± 8.2
  $\overset{˙}{V}O_{2}$ max (mL/kg/min)   39.7 ± 8.7    41 ± 8.4         33.8 ± 8.3    35.9 ± 8.6
  MAP (W)                                 207 ± 44.9    217 ± 42.2 ^a^   180 ± 41.4    213 ± 43.0 ^a^

Note. M, meters; kg, kilograms; BMI, body mass index; MAP, maximal aerobic power; W, Watts; F, Female; M, Male ^a^ Statistically different from PRE, *p* \< 0.05.

brainsci-10-00081-t002_Table 2

###### 

Cognitive Responses to Training Intensity Pre and Post Intervention.

                         HIIT              MICE                                    
  ---------------------- ----------------- -------------------- ------------------ -----------------
  **Stroop Task (ms)**                                                             
  Reading                598.83 ± 99.40    574.15 ±106          604.43 ± 89.12     602.58 ± 95.66
  Denomination           646.11 ± 93.67    616.33 ± 99.30       646.11 ± 93.67     644.59 ± 92.10
  Inhibition             688.65 ± 95.47    680.94 ± 102.20      721.67 ± 110.07    687.41 ± 86.78
  Switching              980.43 ± 135.27   860.04 ± 75.63 ^a^   1008.45 ± 218.76   987.77 ± 188.20
  **Trail A (sec)**      16.47 ± 4.76      15.44 ± 3.09         16.64 ± 4.21       16.45 ± 3.42
  **Trail B (sec)**      42.35 ± 14.86     30.35 ± 4.13 ^ab^    33.15 ± 7.06       34.13 ± 9.91

Note: Values are expressed in mean ± SD; *ms*, milliseconds; *sec*, seconds; *HIIT*, high intensity interval training; *MICE*, moderate intensity continuous exercise. Compared with PRE HIIT training: ^a^ *p* \< 0.05, Compared to MICE training ^b^ *p* \< 0.02.
